Background: Since information about macro-and micronutrient intake among vegans is limited we aimed to determine and evaluate their dietary and supplementary intake. Methods: Seventy 18-61 years old Danish vegans completed a four-day weighed food record from which their daily intake of macro-and micronutrients was assessed and subsequently compared to an age-range-matched group of 1 257 omnivorous individuals from the general Danish population. Moreover, the vegan dietary and supplementary intake was compared to the 2012 Nordic Nutrition Recommendations (NNR). Results: Dietary intake differed significantly between vegans and the general Danish population in all measured macro-and micronutrients (p < 0.05), except for energy intake among women and intake of carbohydrates among men. For vegans the intake of macro-and micronutrients (including supplements) did not reach the NNR for protein, vitamin D, iodine and selenium. Among vegan women vitamin A intake also failed to reach the recommendations. With reference to the NNR, the dietary content of added sugar, sodium and fatty acids, including the ratio of PUFA to SFA, was more favorable among vegans. Conclusions: At the macronutrient level, the diet of Danish vegans is in better accordance with the NNR than the diet of the general Danish population. At the micronutrient level, considering both diet and supplements, the vegan diet falls short in certain nutrients, suggesting a need for greater attention toward ensuring recommended daily intake of specific vitamins and minerals.
Introduction
Health, ethical and spiritual concerns have apparently motivated abstention from meat since ancient Greece [1] . In Denmark it is estimated that approximately 1 % of the population is either vegetarian or vegan [2] . The definition of a strict vegan diet is a diet that excludes all products of animal origin including meat, poultry, fish and seafood, dairy products, eggs and honey [3] . Previous studies have suggested that a vegan diet provides relatively large amounts of cereals, legumes, nuts, fruits and vegetables and is usually high in carbohydrates, n-6 fatty acids, dietary fibers, beta-carotene, folic acid, vitamin C, vitamin E, iron and magnesium. In contrast, the vegan diet is suggested to be relatively low in protein, saturated fat, long-chain n-3 fatty acids, retinol, vitamin B12, vitamin D, calcium and zinc [3, 4] . Furthermore, vegans are more likely to use single-nutrient supplements compared to non-vegetarians [5] . Epidemiological studies have shown that vegans have lower BMI and lower total plasma cholesterol compared to omnivores [4] . Vegans have also been reported to have reduced risk of cardiovascular diseases, type 2 diabetes and certain forms of cancer [6, 7] . Whether these observations solely relate to dietary habits or are partly explained by a healthier lifestyle in general, including less smoking and higher level of physical activity, is unsettled.
Information about intake of macro-and micronutrients in vegans is scarce [4, 5, [8] [9] [10] [11] and only two studies have previously reported the use of supplements among vegans [5, 11] . Furthermore, most previous studies are limited by methodological shortcomings with respect to ascertainment of nutrient content. In previous studies, participants were categorized as vegans by different approaches, either by self-report and/or based on the dietary records. One could speculate that the longer you adhere to a vegan diet the more focused you are on achieving an optimal level of macro-and micronutrient intake; however, only three studies comparing vegan to omnivorous diets stated the duration of adherence to the former [5, 9, 10] . Furthermore, studies rely on databases with various coverage with regard to food items and nutrients [4, 5, [8] [9] [10] [11] . One paper did not specify the database used [10] and another database covered 130 food items only [4] , potentially compromising the validity of the results. Thus, the dietary information has so far primarily been based on food frequency questionnaires (FFQ) [4, 8] , non-weighed food records [9] and 24-h recalls [5, 10] . Use of FFQ minimizes the error of day-to-day variability but it has a lower level of detail and may be influenced by recall bias. The 24-h recall method has a greater specificity than the food frequency method, yet relies on memory and is prone to optimistic bias [12] . Food records have a high specificity and minimize the reliance on memory [12] . However, only one British study including 38 vegans using a threeday weighed food record has been reported [11] .
In the present study, we aimed to (i) determine the dietary and supplementary intake of macro-and micronutrients in a sample of Danish vegans based on a fourday weighed food-record and a food database including 1 049 food items (ii) compare dietary intake to the intake among age-range-matched individuals from the general Danish population [2] and (iii) compare dietary and supplementary intake of macro-and micronutrients in the sample of Danish vegans to the 2012 Nordic Nutrition Recommendations (NNR) [13] .
Subjects and methods

Study subjects
The data presented was collected as part of an observational study investigating the effect of a strict vegan diet on the gut microbiota (unpublished). Seventy-five healthy volunteers adhering to a vegan diet for a minimum of 1 year were recruited by advertising in local newspapers and through online resources, including social media. Subjects were aged 18-61 years and weight-stable (±1 kg, assessed by interview) for a minimum of 2 months prior to study entry. Pregnant and lactating women were ineligible for inclusion in the study.
The vegan sample was compared with an age-rangematched group of individuals (n = 1 627) from the Danish National Survey of Dietary Habits and Physical Activity (DANSDA) 2005-2008. DANSDA is a nation-wide and representative cross-sectional survey among 4 to 75-yearold children and adults [2] . Vegetarians and vegans were excluded from the DANSDA survey prior to age-matching.
Both the vegan and the DANSDA study was approved by the Danish Data Protection Agency and conducted in accordance with the Helsinki Declaration (vegan: j.no 2013-54-0501, DANSDA: j.no. 2008-54-0430). The vegan study was approved by the Ethical Committee for the Capital Region of Denmark (j.no. H-3-2012-145), while DANSDA did not require ethical approval according to Danish legislation.
Anthropometrics
Vegan participants were weighed on an electronic scale (TANITA WB-110MA, Tanita Corporation of America, Arlington Heights, Illinois, USA) without shoes, dressed in light clothing or underwear after having emptied their bladder. The height of the participants was measured to the nearest 0.5 cm without shoes, using a wall-mounted stadiometer (ADE MZ10023, ADE, Hamburg, Germany). Anthropometric measures of the DANSDA population were self-reported as previously described [2] .
Dietary intake and supplements
Vegan dietary intake was estimated based on a four-day weighed food diary, including two working days and two weekend days within one week. Dietary recording was obtained as vegan participants were included in the study from start-December 2013 to mid-July 2014. Foods were quantified to the nearest 0.1 g using a calibrated precision scale (ProScale XC-2000, HBI Europe, Erkelenz, Germany). Instruction in filling in the diary was given by qualified medical staff. The nutrient intake was calculated using the Dankost Pro software (version 1.5.49.21), which is based on the food database at the Danish Food Composition Databank containing 1 049 food items (www.foodcomp. dk) and the NNR [13] . Vegan recipes not included in the database were constructed by qualified personnel holding a Master's degree in Human Nutrition and based on foods with complete validity in the database. Average daily intake (ADI) of macro-and micronutrients was calculated as:
In DANSDA, dietary intake was recorded every day for seven consecutive days in food records with precoded response categories, which included open-answer options. Details about the method and calculation of intake of food and nutrients have been described elsewhere [2] . Both methods of determining nutrient content were based on the same food database (www.foodcomp.dk) [2] and in both cases values are presented as median (interquartile range (IQR)) due to skewness. BMR was calculated from equations published in the NNR [13] . The diet records were validated by calculating the ratio of mean energy intake (EI) and basal metabolic rate (BMR) and the accepted value was set to ≥1.06 [15] . Data from subjects with EI:BMR ratios below 1.06 were excluded from the analyses (DANSDA: n = 343). Of the 75 vegans included in the original study two were excluded from the analyses due to an incomplete diet record, and three were excluded from the analyses due to an EI:BMR below 1.06. Of the 1 627 subject in the DANSDA study 27 were excluded due to missing anthropometric data (BMI) and 343 were excluded from the analyses due to an EI:BMR below 1.06. Three vegan subjects recorded dietary intake for three days only. However, exclusion of these individuals revealed no difference in overall results (data not shown) and consequently they were not excluded from the final analyses. Accordingly, diet data from 70 vegans and 1 257 DANSDA study individuals from DANSDA was included in the final analyses.
The vegan subjects were asked to bring their dietary supplements on the day of examination at which point every nutrient was noted with exact daily dose.
Statistical analyses
Statistical analyses were performed using the statistical software 'R' version 0.98.501 (The R Foundation for Statistical Computing 2013, http://www.r-project.org/) and a significance level of P < 0.05 was used. Analyses were performed separately for men (n = 33) and women (n = 37). Linear regression adjusted for either 1) age and energy intake or 2) age and BMI was used to examine differences in dietary intake between vegans and omnivores. Model assumptions were assessed graphically. In case of non-normality of residuals, natural logarithmic transformation was applied. In three cases (intake of trans fatty acids, intake of retinol and intake of vitamin D) model assumptions were not met through transformation, in which cases Welch's t-test were applied. Additional analyses were performed using an age and gender specific, individually matched control group.
Results
Characteristics of the vegan and DANSDA subjects are presented in Table 1 . Gender distribution was equal in the two studies, whereas subjects in the DANSDA study were older, had higher BMI, their educational attainment was lower and they were more likely to be current smokers.
Vegan diet compared to the diet in the general Danish population Macronutrients Table 2 shows EI and macronutrient intake by sex and population group. A 10.5 % (difference = 1 028 kJ/d, 95 % CI: 132, 1 924; P = 0.03) higher EI was present in vegan men compared to men in the general population whereas for women there was no difference in EI (P = 0.2). With regard to intake of dietary lipids vegans had a lower intake of SFA, MUFA, trans fatty acids and cholesterol and a higher intake of PUFA as well as a higher PUFA:SFA ratio compared to the general population. For both men and women intake of added sugar and protein was lower, while intake of total dietary fibre was higher in vegans compared with the general population. Intake of carbohydrates was lower among vegan women compared to women from DANSDA but no difference was observed among men ( Table 2 ). Table 3 shows the vitamin and mineral intake by sex and population group. Intake of all examined vitamins and minerals differed between vegans and the general population.
Micronutrients
The vegan dietary intake of vitamin A, vitamin D, riboflavin, niacin and vitamin B12 were lower compared with the general population (P < 0.001). Vegans had a higher intake of beta carotene, vitamin E, thiamine, B6, folic acid and vitamin C compared with the general population (P < 0.001). The dietary intake of calcium, phosphorus, zinc, iodine and selenium were lower in vegans compared with the general population (P < 0.001) while intake of magnesium, potassium and iron was higher in vegans compared with the general population (P < 0.001) ( Table 3) . Three vegans had extremely high intake of iodine (971, 1 709 and 1 982 μg/d) due to consumption of seaweed.
Vegans in reference to the Nordic Nutrition Recommendations (NNR)
Vegans reached the recommended daily intake of energy and fats but did not reach the recommended daily intake of protein (Table 2) . Table 4 shows the intake of micronutrients from both diet and supplements in vegans. The intake of micronutrients solely from supplements is presented in Additional file 1: Table S3 . Forty-six vegan individuals (65.7 %) reported supplementing their diet. As a group, the vegans reached the recommended daily intake of every vitamin and mineral except intake of vitamin D, iodine and selenium for both sexes and vitamin A in women (Table 4 ). However, at the individual level, only intake of thiamine, folic acid, magnesium and iron were reached by every vegan man and none of the recommendations for micronutrient intake were reached by every vegan woman (Table 4 ).
Data on the multiple linear regressions including BMI is not shown since the results were similar in every variable except intake of phosphorus in men.
The additional analyses using an individually matched (age and gender) control group revealed similar results as found in the range-matching analyses (age) -except for EI, MUFA, beta carotene, thiamine and potassium in women, for which the levels of significance were Data is presented as median daily intake (interquartile range) SFA: Saturated fatty acids. MUFA: Mono-unsaturated fatty acids. PUFA: Poly-unsaturated fatty acids *Multiple linear regressions adjusted for age and energy intake (except for total energy intake which was adjusted for age and BMI) were applied to test for difference in means between the vegan and DANSDA study samples. In case of non-normality log-transformation (**) or an unadjusted Welch's t-test was applied (***) changed (Additional file 2: Table S1 and Additional file 3: Table S2 ). The analyses using range-matching (adjusted for age) were prioritized due to the larger sample size (n = 1 327 vs. n = 140) and thereby more narrow 95 % confidence intervals (CI) in the tests.
Discussion
Macronutrients
At the macronutrient level the vegan diet can be considered healthy since the distribution of macronutrients corresponds well to that proposed by the NNR. Specifically, a high PUFA:SFA ratio, as that observed in vegans, is suggested to be favorable in regard to the risk of coronary heart disease [16] . Furthermore, a low intake of added sugar, as reported in vegans, is considered beneficial for human health [17] and similarly a high dietary fibre intake may provide specific benefits in relation to gastrointestinal and metabolic functions [18, 19] . Intake of added sugar has previously only been examined in one American study comprising 15 vegans and 6 omnivores, in which, no difference was reported [10] . The low intake of added sugar in the present study might be due to a lower intake of processed food and sugarsweetened beverages. This is only speculative since we do not have data at food item level; it is, however, supported by a recent study, in which vegans reported consuming fewer servings of sweets per day than omnivores [20] . An evaluation of the diet in the general Danish population has been done previously [2] .
Micronutrients
The vegan population had, however, an insufficient intake of several vitamins, which could have a negative health effect. In contrast to our findings, previous studies, reporting intake of total vitamin A (retinol equivalents; RE) found higher intake of vitamin A in vegans compared to omnivores [5, 9, 10] . However, it is difficult to compare results across studies since the amount of retinol and beta-carotene, from which the vitamin A intake is calculated, is not presented. These opposing results could be due to different methods of calculating vitamin A RE from beta-carotene and other carotenoids. The vegan intake of retinol was very low in the present study compared to previous studies reporting this [4, 11] .
In the present study the 2001 Institute of Medicine Interconversion of Vitamin A and Carotenoid Units was applied [21] . Retinol is primarily found in animal products [13] , why the finding in the present study seems plausible. Approximately half of the vegans did not reach the recommendations for vitamin A including both intake from diet and supplements. Symptoms of vitamin A deficiency are night blindness, dry and scaly skin, increased number of infections in the respiratory tract, the gut and the urinary tract and severe vitamin A deficiency has furthermore been associated with cancer at these sites [13] .
The vegans participating in the present study had a low intake of riboflavin and vitamin B12, which corresponds to previous findings [4, 5, [9] [10] [11] . The major food sources of riboflavin in Nordic diets are milk and meat products [13] , which explain the low intake of this vitamin among vegans. Recommended intake of riboflavin and vitamin B12, including intake from supplements, is not reached by 29 and 31 vegans (of 70), respectively. Little attention has been paid to the effects of riboflavin deficiency on human health. An in vitro study using duodenal biopsies demonstrated that riboflavin depletion in adult humans impairs proliferation of intestinal cells and thereby may have implications for gastrointestinal function and nutrient absorption [22] . Without supplementation the low dietary intake of vitamin B12 among vegans could enhance risk of pernicious anemia and polyneuropathy [13] .
In 41 (of 70) vegans the total intake of vitamin D did not meet the recommendations. The consequence of insufficient intake of vitamin D is lower absorption of calcium and phosphorus, which may impact bone metabolism. Furthermore, it has been suggested that high vitamin D plasma concentration or vitamin D supplementation is associated with decreased risk of colorectal cancer, cardiovascular disease and type 2 diabetes [23] .
The intake of vitamin D and vitamin B12 among vegans was very low in the present study and it is lower than what has been observed in previous studies [4, 5, [9] [10] [11] . This could be due to low availability of fortified foods, which are common in some countries but was prohibited in Denmark by law until 2003 and has still not been introduced on a wider scale.
In the present study, intake of dietary sodium among vegans was low compared with the general population. Three studies have previously examined the sodium content of a vegan diet, two of which also showed lower sodium intake among vegans [8, 9] , whereas the third Data is presented as median daily intake (interquartile range) *Multiple linear regressions adjusted for age and energy intake were applied to test for difference in means between the vegan and DANSDA study samples. In case of non-normality log-transformation (**) or an unadjusted Welch's t-test was applied (***) study found no difference between a vegan and an omnivore diet [10] . The low intake of sodium in the vegan population in this study might be due to a lower intake of processed foods, which usually contain high amounts of salt [24] . Most of the vegans (55 of 70) did not meet the recommendation for iodine intake when including intake from supplements. Only one study has previously investigated iodine intake in vegans reporting an iodine intake from diet and supplements among vegans of only 50-70 % of the dietary reference value [11] . In Denmark, fortified table salt is a major source of iodine and it is therefore also subject to potential under-reporting. Other sources of iodine include fish and sea plants [13] .
In general, sodium and iodine intakes are difficult to quantify and the results should be interpreted with caution [25] . Less than half of the vegans (24 of 70) reached the recommended intake of selenium. No studies have previously examined selenium intake in vegans. An insufficient intake of iodine and selenium might potentially have negative health impact such as development of goiter. Adequate iodine intake is important throughout life, but especially in childhood and during pregnancy and breastfeeding [26] . Low serum selenium levels (≤1 μmol/l) have been associated with increased risk of myocardial infarction in men [27] ; however, the lower critical threshold for intake of this mineral is unknown. Even though the intake of iron and calcium in male vegans met the Nordic recommendations, the absorption of these minerals might not be correspondingly high. Iron and calcium are known to have low bioavailability in the context of plant-based foods. This is due to the chemical form in which the minerals are present, the nature of the food matrix and the presence of bioavailabilitylowering compounds in plant-based foods (e.g. phytate, dietary fiber and oxalic acid) [28, 29] . Considering the low intake of these minerals among vegan women, a reduced bioavailability may further increase the risk of outright deficiency and related disorders. However, it is well established that the bioavailability of iron increases with the presence of ascorbic acid (vitamin C) and other organic acids [30] . Intake of vitamin C was very high among vegans, thus potentially compensating for the low bioavailability of iron in plant-based foods [29] . It has previously been proposed that the recommended intake of iron for vegans should be 1.8 times higher than that of omnivores because of the lower bioavailability [31] ; in the present study the iron intake among vegan men met this recommendation.
Vitamins and minerals interact and are dependent on sufficient availability of one another in order to function and contribute to ensure human health. Examples are vitamin A and zinc, every B-vitamin as well as vitamin D and calcium. This emphasizes the importance of adequate intake of every individual mineral since, for instance, an inadequate intake of vitamin A affects the function of zinc even though this mineral is consumed in sufficient amounts [13] as is the case for the vegans in this study.
To examine whether the low mineral intake among vegans in this study has a negative health effect, pertinent biochemistry of study participants should be evaluated. Furthermore, a healthy diet is not only a diet balanced for macro-and micronutrients. Other components such as amount of processed food, heated food, food preservatives and additives as well as the sources of the nutrients (e.g. protein from meat versus plants) could be important in evaluating a diet. However, in the present study, these data were not available.
The present study covers the macro-and micronutrient composition of vegans in general. At present very little is known about the health effect of a vegan diet under specific circumstances such as pregnancy, lactation, childhood and advanced age; circumstances which the present study does not address.
The main strength of the present study is the method applied to assess dietary intake. A weighed four-day food record is considered the gold standard for specifying dietary intake [12] . However, a potential error may be introduced by the diet record, as it may be a burden to weigh and register all food items, thus a person may eat more simple foods than usual. Another important strength is the availability of detailed data on dietary supplements, the most comprehensive to date in a European sample, allowing us to get a more complete picture of the micronutrient intake.
An almost unavoidable limitation with diet recording is under-reporting [32] . In the vegan population the EI: BMR ratio was acceptable in 96.0 % of cases, indicating that under-reporting EI might not be an issue in the examined vegan population. Nevertheless, it is a potential limitation that a vegan diet is non-conventional and some of the recorded meals or food items were unavailable in the database. However, this shortcoming was evaded in the present study by constructing recipes using only completely validated food items.
Whereas the number of vegans included in some other studies exceeds the number in our study by far, most have used less accurate methods [4, 5, [8] [9] [10] [11] and the present study is the largest to date using the gold standard method to assess dietary intake. However, while sufficiently powered to detect differences between vegans and the general population it is important to exhibit caution when drawing conclusions based on a small sample, which may not be representative of the Danish vegan population in general. Another potential source of bias arises from the fact that the included vegans represent a self-selected group of participants. Particularly, healthy lifestyle bias may be an issue. Vegans may be more concerned about healthy lifestyle, consumption of healthy foods and optimal amounts of macro-and micronutrients. Furthermore, the vegan subjects had higher educational attainment compared to the general Danish population, a factor that has been associated with healthier lifestyle in general [33] . This might partially explain the better compliance to the recommendations at macronutrient level compared to the general Danish population.
Conclusion
Overall in this sample of vegans, at the macronutrient level, the diet appears well-balanced with a healthy distribution of fatty acids and a low content of added sugar
